The recent suggestion that secretin may be useful in treating autism and schizophrenia has begun to focus attention on the mechanisms underlying this gut-brain peptide's actions in the central nervous system (CNS). In vitro autoradiographic localization of 125 I-secretin binding sites in rat brain shows the highest binding density in the nucleus tractus solitarius (NTS). Recent evidence suggests that intravenous infusion of secretin causes fos activation in NTS, a relay station playing important roles in the central regulation of autonomic functions. In this study, whole-cell patch-clamp recordings were obtained from 127 NTS neurons in rat medullary slices. The mean resting membrane potential of these neurons was -54.7 0.3 mV, the mean input resistance was 3.7 0.2 G , and the action potential amplitude of these neurons was always >70 mV. Current-clamp studies showed that bath application of secretin depolarized the majority (80.8%; 42/52) of NTS neurons tested, whereas the remaining cells were either unaffected (17.3%; 9/52) or hyperpolarized (1.9%; 1/52). These depolarizing effects were maintained in the presence of 5 M TTX and found to be concentration-dependent from 10 -12 to 10 -7 M. Using voltage-clamp techniques we also identified modulatory actions of secretin on specific ion channels. Our results demonstrate that while secretin is without effect on net whole-cell potassium currents, it activates a nonselective cationic conductance (NSCC). These results show that NTS neurons are activated by secretin as a consequence of activation of a NSCC and support the emerging view that secretin can act as a neuropeptide within the CNS.
INTRODUCTION
Secretin, a 27-amino acid peptide, was the first hormone identified. In a series of experiments conducted in early 1900s, Bayliss and Starling showed that intravenous injection of a mucosal extract from the duodenum induced release of bicarbonate and water from the pancreas (3, 4) . Therefore this chemical messenger was named "secretin".
I-secretin receptor binding sites in rat brain shows the highest binding in the NTS (31). Located in the dorsomedial medulla oblongata, NTS is widely accepted as a pivotal brain region involved in the integration of cardiovascular, respiratory, gustatory, hepatic and renal control mechanisms (25). NTS receives afferent input from and sends efferent output to many CNS areas including essential autonomic control centers in the hypothalamus, midbrain and spinal cord (52).
Collectively these observations support the hypothesis that NTS represents an important CNS site where endogenous and/or infused secretin could act to influence central autonomic regulation as well as other brain mediated activities. The present electrophysiological study was designed to test the hypothesis that secretin exerts direct effects on the excitability of NTS neurons. Having identified such effects, our studies were extended to describe the modulatory roles of secretin on specific ion channels of NTS neurons. between spikes, which still made up most of the recording time as peak frequency even during excitatory effects seldom exceeded 10 Hz.
Statistical Analysis: For statistical analysis of effects of secretin on NTS neurons under various conditions, means were calculated from cells that were determined to have been affected using the above criteria. Changes in membrane potentials, net whole-cell K + conductances in response to secretin were compared using the Student's 'ttest'. A minimum probability value of p<0.05 was selected to determine significance.
All values are plotted as means SEM.
RESULTS
Whole-cell recordings were obtained from a total of 127 NTS neurons. All of these cells demonstrated action potentials with amplitude of greater than 70 mV (arbitrary minimum cut off for inclusion), they had a mean resting membrane potential (RMP) of -54.7 0.3 mV, and a mean input resistance (IR) of 3.7 0.2 G . cells were found to be responsive to 10 -8 M secretin. Responses were also quantitatively similar (mean depolarization for each group was: 9.7 ± 0.9 mV -DE cells, 9.8 ± 0.8 mV -PIR cells, and 10.5 ± 3.8 mV -NON cells), and therefore these cell types were grouped together for all subsequent analysis.
Secretin depolarizes NTS neurons.
Depolarizations usually occurred within 2 minutes of secretin reaching the slice and were normally accompanied by a rapid increase in firing frequency of action potentials. Effects of secretin lasted for 7-12 minutes, and after washout of secretin membrane potential and action potential frequency returned to/towards control levels as shown in Figure 1A . The bottom panel of Figure 1A shows expanded time scales from the same recording (before, during and after bath application of secretin) illustrating action potentials (truncated) and postsynaptic potentials (of up to 10 mV) with baseline noise <1 mV. In 12 cells excited by 10 -8 M secretin, the mean depolarization was 9.9 ± 0.9 mV. Secretin induced depolarizations were accompanied by a significant decrease in ± 0.9 mV without TTX, n=12, p=0.43) ( Figure 2C ).
Similar reversible depolarizing responses, normally accompanied by increases in spike frequency were also recorded from NTS neurons in response to exposure to 10 -7 , 10 -9 , and 10 -11 M secretin as illustrated in Figure 3A . These effects of secretin were repeatable as a second bath application of the peptide resulted in similar changes in membrane potential. Analysis of group mean depolarization recorded from NTS neurons in response to secretin concentrations ranging from 10 -12 to 10 -7 M demonstrated these effects were concentration dependent as illustrated in Figure 3B Secretin is without effect on whole-cell K + currents in NTS neurons.
Multiple ion channels are known to be involved in the regulation of neuronal excitability (13, 26) . Our previous work demonstrated that orexin-A inhibits a specific potassium conductance (the sustained K + current, I K ) in NTS neurons (50, 51). We We usually held NTS neurons between -52 and -53 mV prior to secretin (10 -8 M) administration in our current-clamp recordings. At these baseline membrane potentials, secretin would be expected to activate the NSCC as a 2.3 to 2.7 pA inward current (see Figure 5B ), which we calculate to evoke an 8.5-10.0 mV depolarization (average input resistance of NTS neurons is 3.7 G ). This predicted depolarization is fairly close to the average depolarization (9.9 0. Multiple ion channels are known to be involved in the regulation of neuronal excitability (13, 26 contribute to the total current we examined, and we would thus conclude that secretin is without effect on any of these current.
NSCCs are voltage-independent membrane channels, which allow passage of cations (Na In conclusion, this study provides the first evidence that secretin exerts direct effects on the excitability of NTS neurons. In addition our studies provide description of secretin's ability to directly modulate specific ion channels in NTS neurons, supporting potential neuro-regulatory roles for this gut-brain peptide. Thus, the findings presented here add to an emerging electrophysiological framework for understanding the effect of endogenous secretin on neuronal activity. This knowledge may help to clarify the role of this peptide when used in the clinic to treat neuro-psychiatric disease states. 
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